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Abstract –The deformed supersymmetric sine-Gordon model, obtained through known deforma-
tion of the corresponding potential, is found to be quasi-integrable, like its non-supersymmetric
counterpart, which was observed earlier. The system expectedly possesses finite number of con-
served quantities, leaving-out an infinite number of non-conserved anomalous charges. The quasi-
integrability of this supersymmetric model heavily rely on the boundary conditions of the potential,
otherwise rendered to be completely non-integrable. Moreover, interesting additional algebraic
structures appear, absent in the non-supersymmetric counterparts.
Introduction. – The integrability of finite dimen-
sional dynamical systems is related to the fact that the
system possesses as many constant of motion as its number
of degrees of freedom and it is described by the Liouville-
Arnold theorem. There is no such unique definition to
describe integrability for dynamical systems having infi-
nite degrees of freedom or partial differential equations
(PDEs). The notion of integrability is described via var-
ious ways, for example, bi-Hamiltonian theory, method
of inverse scattering transformation, Lax pair formalism
etc.. The integrable PDEs appearing in field theory are
best studied via Lax pair method or zero curvature equa-
tion. These are deemed integrable if they contain in-
finitely many conserved quantities, which are responsible
for the stability of corresponding soliton solutions [1]. In
particular, these constants of motion uniquely define the
dynamics of the system, rendering the later to be com-
pletely solvable. The sine-Gordon (SG) model, in one
space and one time (1+1) dimensions, is one such sys-
tem that further incorporates semi-classical solitonic so-
lutions, which are physically realizable, representing high
degree of symmetry. The latter property, in turn, corre-
sponds to the infinitely many conserved quantities. Such
solitonic solutions of integrable models correspond to the
zero-curvature condition [2,3], containing the connections
that constitute the Lax pair, which linearize the corre-
sponding non-linear system.
Real physical systems do not posses infinite degrees of
freedom, and thus, a corresponding field-theoretical model
cannot be integrable in principle. However, such systems
do posses solitonic states, which are very similar to those
of integrable models like SG. Therefore, study of physical
continuous systems as slightly deformed integrable mod-
els is of conceptual interest. Recently, it was shown that
the SG model can be deformed as an approximate system,
leading to a finite number of conserved quantities [4, 5].
An almost flat connection, leading to an anomalous zero-
curvature condition was obtained, rendering the system
quasi-integrable. it was numerically shown [4, 6] that the
system behaves almost like the integrable SG model for
single and non-interacting multi-soliton states, but differ
considerably in presence of scattering. This hints at inte-
grable models being asymptotic limits of physical systems,
which can be modeled by their quasi-integrable counter-
parts.
On the other hand, the SG model admits a supersym-
metric extension, which can be embedded in the N = 2
superspace [7]. This model also is integrable [8, 9] and
can consistently be quantized [10, 11]. Their integrabil-
ity, through linearization by introducing proper Lax pair,
leads to the super SG (SSG) equation as a consistency
condition. Such a model contains fermionic components of
the Majorana variety, which is of great interest in current
material physics. Latter it was shown that the SSG ad-
mits two independent ways of linearization, corresponding
to two possible construction of the Lax pair [12]. How-
ever, these two representations were found to be gauge-
equivalent. The model was further shown to incorporate
multi-soliton solutions [13]. As the quasi-integrable mod-
els are closer to physical systems, a corresponding defor-
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mation of SSG model can potentially lead to the realiza-
tion of the same as an limiting case. This is further impor-
tant from the pure algebraic sense, as the generalization to
the superspace can expectedly induce richer mathematical
structure.
In the present work, we attempt to construct the quasi-
integrable SSG (QISSG) model. It is found that the gener-
alization to the superspace indeed extends the correspond-
ing group structure beyond the usual sl(2) loop algebra
of the SG model [4, 5]. However, the quasi-integrability,
obtained through gauge transformation of the anomalous
curvature condition, is retained and a finite number of
conserved charges appear, with the asymptotic correspon-
dence to the SSG generalized to the fermionic ‘boundary’.
In the following, we briefly introduce the nomenclature of
SSG model, as well as that of quasi-integrability, followed
by our generalization of the latter to the SSG model. We
summarize the results at the end.
Basic Concepts. –
Super Sine-Gordon Model. The sine-Gordon (SG)
model [1], defined through the dynamical equation,
∂+∂−φ(x, t) = sinφ(x, t), (1)
is an integrable one, containing infinitely many conserved
quantities. This system is realized in 1+1 dimensions, and
it is convenient to cast it in terms of light-cone coordinates,
x± = (1/2) (x± t). The respective partial derivatives ap-
pear in the equation of motion (Eq. 1) above. The inte-
grability of this model incorporates an sl(2) loop algebra
[14], which automatically leads to infinite number of con-
served quantities upon linearization through introduction
of the Lax pair, by implementing the zero-curvature con-
dition [1]. The Lax pair A±, that constitute the curvature
function F+− = ∂+A− − ∂−A+ + [A+, A−], are 2× 2 ma-
trices, corresponding to the two-dimensional coordinate
space. As a result, the sl(2) generators also have a 2 × 2
irreducible representation.
A supersymmetric generalization of the SG model was
achieved [9], by extending it to the N = 2 superspace
through introduction of additional Grassmann variables
θ1,2, which absolutely anti-commute: {θiθj} = 0, i, j =
1, 2. The resultant supersymmetric sine-Gordon (SSG)
equation has the form,
D+D−Φ = i sinΦ. (2)
Here the super-differential operators and the superspace
bosonic scalar function, respectively, are defined as [9],
D± = ∓ ∂
∂θ2,1
+ iθ2,1
∂
∂x±
, {D+, D−} = 0,
Φ(x, t, θ1, θ2) = ϕ(x, t) + i (θ1ψ2(x, t)− θ2ψ1(x, t))
+ iθ1θ2F (x, t), (3)
In the above, ψ1,2 are odd and ϕ(x, t), F (x, t) are even
functions of space-time, making Φ(x, t, θ1, θ2) a scalar
(bosonic) function in the super-space.
The linearization of the SSG model is achieved [9], by
identifying the corresponding Lax pair, which are now 3×3
matrices in the superspace. Further, they were found to
implement integrability through the zero-curvature condi-
tion. It was later shown [12] that the linear representation
is not unique, and two such forms, related to each other by
a super gauge transformation and to the super Ba¨cklund
transformation of the equation.
Quasi-Integrable Models. Certain non-integrable the-
ories share physical results similar to the integrable ones.
Namely, solitonic solutions of certain respective models,
belonging to this distinct class, have similar properties
[4]. The same is observed in 2+1 dimensions, for the
Ward-modified chiral model and baby Skyrme model hav-
ing many potentials [5]. Therefore, it has recently been
attempted to identify such non-integrable models as quasi-
integrable ones [4, 15], in order to realize such models as
parametric generalization of the integrable counterparts.
Such generalization is complemented by anomaly func-
tions Pn, defined through [5],
dQn
dt
= Pn, n ∈ Z,
wherein the quantities Qn are conserved for vanishing
Pn, a limit that leads to the corresponding integrable
model. When one considers Pn for two soliton configu-
rations in these theories, the corresponding anomaly has
the intriguing property
∫∞
−∞ dt Pn = 0, which implies that
the charges are asymptotically conserved: Qn(t = ∞) =
Qn(t = +∞). If the model possesses breather-like field
configurations we obtain Qn(t) = Qn(t+T ). On the other
hand, for different configurations, like multi-soliton solu-
tions, the anomalies Pn were found to be non-vanishing,
but they display interesting boundary properties, having
topological nature [5].
As an concrete example, a deformation of the SG poten-
tial is proposed as a quasi-integrable system, leading to a
quasi zero-curvature condition: F+− 6= 0. a suitable gauge
transformation then leads to quasi-conservation equations,
with only a few anomaly functions (Pns) vanishing. We
generalize the construction of quasi-integrable SG model
to the supersymmetric one, or a quasi-integrable super-
symmetric sine-Gordon (QISSG) equation, in the follow-
ing.
The Supersymmetric Model. – To begin with, we
consider the N = 2 supersymmetric SG model [9], that
yields the Lax pair,
A+ = i
2
√
2λ
dV (Φ)
dΦ
F1 +
1
2
√
2λ
V (Φ)B1,
A− = 1√
2λ
B−1 − i
2
D−ΦF0. (4)
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Here, the 3× 3 generators have the forms,
F1 = 2
√
λ

 0 0 −i0 0 0
−i 0 0

 ,
B1 = 2
√
λ

 0 0 00 0 −1
0 −1 0

 ,
B−1 = 2
√
λ

 0 0 00 0 −1
0 1 0

 ,
F0 = 2

 0 i 0−i 0 0
0 0 0

 . (5)
This generators act on a vector-space, defined by the su-
persymetric generalization of the sl(2) loop algebra, iden-
tified in Ref. [5]. The super Lax pair leads to the super-
curvature tensor,
F+− = D+A− −D−A+ + {A+,A−}
≡ i
2
√
2λ
X (Φ)F1 − i
2
E(Φ)F0, (6)
where,
X (Φ) =
(
d2V (Φ)
dΦ2
+ V (Φ)
)
D−Φ,
E(Φ) = D+D−Φ +
dV (Φ)
dΦ
; (7)
V (Φ) = i cosΦ,
and λ is the spectral parameter. The Euler function E(Φ)
vanishes on-shell (Eq. 2), and X (Φ) is the generator of
anomaly, which basically is the differential form satisfied
by the sine-Gordon potential function V (Φ), and therefore
vanishes. However, this is not the case for quasi-integrable
deformation of the same. The deformation is done by
introducing a small parameter ε ≪ 1, which leads to the
quasi-integrable potential,
V (Φ, ε) = i

1− 32 tan2
(
Φ
4
)
(2 + ε)2
(
1−
∣∣∣∣sin Φ4
∣∣∣∣
2+ε
)2 , (8)
that reduces to V (Φ) for ε = 0. More importantly, it
renders X (Φ, ε) 6= 0, leading to quasi-integrability and
thus, non-vanishing curvature F+−(Φ, ε).
The Super-sl(2) Loop Algebra. As the generators of
Lax pair in the superspace corresponding to the super-
SG model has been identified, the generators of the cor-
responding N = 2 super-sl(2) loop algebra can be defined
through the hierarchy,
B2n+1 = λ
n (τ+ + λτ−) , F2n+1 = λn (τ+ − λτ−) ,
F2n = 2λ
nτ3. (9)
The generators of the above algebra have the construction,
τ+ =
1
2
(B1 + F1) , τ− =
1
2λ
(B1 − F1) ,
τ3 =
1
2
F0, (10)
leading to the sl(2) algebra,
[τ+, τ−] = 2τ3, [τ3, τ±] = ±τ±. (11)
The above algebraic structure can be utilized to rotate
the curvature function in Eq. 6, in the sl(2) vector space,
thereby extracting-out the role of anomaly function X (Φ).
Gauge Transformation. The definition of the curva-
ture function designates the Lax pair A± as gauge fields,
allowing for a gauge transformation of the kind [4, 5],
A± → B± = GA±G−1 −D±GG−1,
G = exp
[ ∞∑
n=1
ζnFn
]
. (12)
The choice of the transformation generator G utilizes the
sl(2) algebraic structure, thereby making this transforma-
tion essentially a rotation in the space of the super-sl(2)
loop algebra. The form of G enables the utilization of the
Baker-Campbell-Hausdorff (BCH) formula,
eXY±e−X = Y± + [X,Y±] +
1
2!
[X, [X,Y±]] + · · · ,
to evaluate the first term on the LHS of Eq. 12, where it
can be identified that,
X =
∞∑
n=1
ζnFn & Y± = A±. (13)
The rotated Lax component, B+ is evaluated to begin
with, as a choice, which is not unique. This is what is
expected from the notion of gauge-invariance. However,
the choice of representation for the particular gauge group
can result in analytical simplicity. In the present case, the
additional presence of supersymmetry makes this choice
effectively crucial, and prohibits the matrix B−1, in Eq. 5
from being a semi-simple element of the sl(2) algebra in
Eq. 11. It can owe to the fermionic domain of the super-
symmetric structure, incorporating its non-commutative
nature in an indirect manner. Therefore, from the repre-
sentation chosen in Eqs. 4 and 5, we choose to evaluate
B+ first, unlike the case of the non-supersymmetric sys-
tem of Ref. [5], where the negative component was chosen.
In any case, the components will have the form,
B± ≡ eXY±e−X −
∑
n
D±ζnFn. (14)
The first four non-trivial terms of the BCH expansion are
of the form,
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[X,Y+]
= α(Φ)ζ2mB2m+1 + β(Φ)
{
ζ2mF2m+1 + ζ2m−1F2m
}
,
1
2!
[X, [X,Y+]]
= α(Φ)ζ2m
{
ζ2pF2(m+p)+1 + ζ2p−1F2(m+p)
}
+β(Φ)
{
ζ2mζ2pB2(m+p)+1 − ζ2m−1ζ2p−1B2(m+p)−1
}
,
1
3!
[X, [X, [X,Y+]]]
=
2
3
[
α(Φ)ζ2m
{
ζ2pζ2qB2(m+p+q)+1
−ζ2p−1ζ2q−1B2(m+p+q)−1
}
+ β(Φ)ζ2mζ2p
×
{
ζ2qF2(m+p+q)+1 + ζ2q−1F2(m+p+q)
}
−β(Φ)ζ2m−1ζ2p−1
{
ζ2qF2(m+p+q)−1
+ζ2q−1F2(m+p+q−1)
}]
,
1
4!
[X, [X, [X, [X,Y+]]]]
=
1
3
[
α(Φ)ζ2mζ2p
{
ζ2q
(
ζ2rF2(m+p+q+r)+1
+ζ2r−1F2(m+p+q+r)
)
+ ζ2q−1
(
ζ2rF2(m+p+q+r)−1
+ζ2r−1F2(m+p+q+r−1)
)}
+β(Φ)ζ2mζ2p
{
ζ2qζ2rB2(m+p+q+r)+1
−ζ2q−1ζ2r−1B2(m+p+q+r)−1
}
−β(Φ)ζ2m−1ζ2p−1
{
ζ2qζ2rB2(m+p+q+r)−1
−ζ2q−1ζ2r−1B2(m+p+q+r)−3
}]
; (15)
where,
α(Φ) =
i√
2λ
dV (Φ)
dΦ
, β(Φ) =
1√
2λ
V (Φ), &
(m, p, q, r) = 1, 2, 3, · · ·
The gauge-fixing is implemented through the condition
that the coefficients of Fn, for all n in Eq. 14, should
vanish. This leads to the following consistency conditions:
For F1: D+ζ1 =
1
2α(Φ),
For F2: D+ζ2 = β(Φ)ζ1,
For F3: D+ζ3 = β(Φ)ζ2,
For F4: D+ζ4 = β(Φ)
(
ζ3 − 23ζ31
)
+ α(Φ)ζ2ζ1,
and so on. These relate the parameters with the variables
of the system. The above equations have to be integrated
to obtain ζn’s, including α(Φ) and β(Φ) which, in general,
can require non-trivial boundary conditions, both in ζ-
parameter space and Φ-field space. Such behavior can be
attributed to the supersymmetric nature of the present
system, as discussed before. As a result, the gauge-fixed
field component has the form,
B+ ≡
∞∑
n=0
b
(2n+1)
+ B2n+1. (16)
with various coefficients b
(2n+1)
+ :
b
(1)
+ =
1
2
β(Φ),
b
(3)
+ = α(Φ)ζ2 − β(Φ)ζ21 ,
b
(5)
+ = α(Φ)
{
ζ2 − 2
3
ζ2ζ
2
1
}
+β(Φ)
{
ζ22 − 2ζ3ζ1 +
1
3
ζ41
}
,
· · ·
· · ·
· · · (17)
It is to be noted that, in evaluating B+, the equation
of motion has not been used, i. e., the Euler function
E(Φ, ε), corresponding to the deformed potential Eq. 16,
has not been set equal to zero. Therefore, the above re-
sults are off-shell. To determine the exact form of the
coefficients b
(2n+1)
+ , the terms ζn are to be evaluated, for
which the super-differential equations are obtained as con-
sistency conditions. The necessary boundary conditions
for the same is provided by the equation of motion, which
will be used in evaluating the other Lax component B−.
For this purpose, we adopt the definitions,
A− = κ
2
B−1 +
γ(Φ)
2
F0;
κ =
√
2
λ
, γ(Φ) = −iD−Φ. (18)
As in case of B+, the first three non-trivial BCH contri-
butions have the form,
[X,Y−]
= κ
{
ζ2mF¯2m+1 + ζ2m−1F¯2m
}
− γ(Φ)ζ2m−1B2m−1,
1
2!
[X, [X,Y−]]
= κ
[
ζ2m
{
ζ2pB
m+p
−1 + 2ζ2p−1F˜2(m+p)−1
}
+ζ2m
{
2ζ2pF˜2(m+p) − ζ2p−1Bm+p−1−1
}]
−γ(Φ)ζ2m−1
[
ζ2pF2(m+p)−1 + ζ2p−1F2(m+p−1)
]
,
1
3!
[X, [X, [X,Y−]]]
=
2
3
κ
[
ζ2m
{
ζ2p
(
ζ2qF¯2(m+p+q)+1 + ζ2q−1F¯2(m+p+q)
)
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+ζ2p−1
(
ζ2qF¯2(m+p+q−1) − 4ζ2q−1F¯2(m+p+q)−3
)}
+ζ2m−1
{
4ζ2p
(
ζ2qF¯2(m+p+q) − ζ2q−1F¯2(m+p+q)−1
)
−ζ2p−1
(
ζ2qF¯2(m+p+q)−1 + ζ2q−1F¯2(m+p+q−1)
)}]
−2
3
γ(Φ)ζ2m−1
[
ζ2pζ2qB2(m+p+q)−1
−ζ2p−1ζ2q−1B2(m+p+q)−3
]
; (19)
wherein the following additional matrices appear:
F¯2m = λ
mF¯0,
F¯0 =
1
2λ
[
F1, B−1
]
= 2

 0 −i 0−i 0 0
0 0 0

 ,
F¯2m+1 = λ
mF¯1,
F¯1 =
1
2
[
F0, B−1
]
= 2
√
λ

 0 0 −i0 0 0
i 0 0

 ,
F˜2m = λ
mF˜0,
F˜0 =
1
4
[
F0, F¯0
]
= 2

 1 0 00 −1 0
0 0 0

 ,
F˜2m+1 = λ
mF˜1,
F˜1 =
1
4λ
[
F1, F¯1
]
= 2

 1 0 00 0 0
0 0 −1

 ,
Bn−1 = λ
nB−1, & (m, p, q, r) = 1, 2, 3, · · ·(20)
The above matrices act in the space of the super-space
multiplates, as are the original matrices in Eq. 5, but
they construct enclosed matrix vector subspaces, leading
to a twisted loop algebra, of the form obtained in Ref. [16].
To see this, one notes the following partially close algebra:
[
F0, F¯1
]
= 2B−1,
[
F1, F¯0
]
= −2B−1,[
F0, F˜1
]
= 2F¯0,
[
F1, F˜1
]
= −4F¯1,[
F0, F˜0
]
= 4F¯0,
[
F1, F˜0
]
= −4F¯1. (21)
From the above algebra, it is easy to identify the rotations,
in the space of
[
B−1, F¯0,1
]
,
B−1
F0→ F¯1F0→ B−1,
B−1
F1→ F¯0F1→ B−1; (22)
generated by F0,1 independently. However, rotation in a
larger subspace
[
B−1, F¯0,1, F˜0,1
]
, is also identified as,
B−1
F0→ F¯1F1→ F˜1F0→ F¯0F1→ B−1,
B−1
F1→ F¯0F0→ F˜0F1→ F¯1F0→ B−1; (23)
due to the action of same pair of operators F0,1, however,
now acting successively. Such extension to the matrix
vector space can be considered as quasi-integrable gen-
eralization of the emergent twisted loop algebra. These
additional algebraic structures further ensure the unique-
ness of the SSG model, as inherent supersymmetry does
not allow B−1 to be a part of the sl(2) algebra, in the
present representation of Eq. 5. Eqs. 21, 22 and 23
are unique to the present supersymmetric quasi-integrable
model, absent in the non-supersymmetric counterparts
[5,6]. This is an alternate signature of the fermionic sector
non-commutativity, following the apparent non-locality of
parameters ζn and charges b
(2n+1)
+ , as discussed before.
The final expression for the gauge field B− has the form,
B− ≡
∞∑
n=0
[
b
(n)
−1B
(n)
−1 + b
(2n+1)
− B(2n+1)
+f (n)Fn + f¯
(n)F¯n + f˜
(n)F˜n
]
, (24)
with non-zero coefficients,
b
(0)
−1 =
1
2
κ, b
(1)
−1 = −κζ21 , b(2)−1 = κζ22 , · · · ;
b
(1)
− = −γ(Φ)ζ1, b(3)− = −γ(Φ)
(
ζ3 − 2
3
ζ31
)
,
b
(5)
− = −γ(Φ)
(
ζ5 +
2
3
ζ1ζ
2
2 − 2ζ3ζ21
)
+ · · · ;
f (0) =
1
2
γ(Φ), f (1) = −D−ζ1, f (2) = −D−ζ2 − γ(Φ)ζ21 ,
f (3) = −D−ζ3 − γ(Φ)ζ2ζ1, · · · ;
f¯ (2) = κζ1 f¯
(3) = κ
(
ζ2 − 8
3
ζ2ζ
2
1
)
,
f¯ (4) = κ
(
ζ3 +
2
3
ζ22 ζ1 −
2
3
ζ31
)
+ · · · ;
f˜ (3) = 2κζ2ζ1, f˜
(4) = 2κζ2ζ1 + · · · .
· · ·
· · ·
· · · (25)
In evaluating the exact expressions for the above coeffi-
cients, the equation of motion, (dV/dϕ) + D+D−ϕ = 0,
has been utilized. This fact, as will be seen, enables us to
determine the original coefficients ζn of the gauge trans-
formation, for the integrable part of the system.
The quasi-Integrability. The anomaly X vanishes for
integrable models. In the present non-integrable one, due
to its presence, the anomalous coefficients f (n), f¯ (n)&f˜ (n)
survive. It is observed that these coefficients vanish for
X = 0. This allows for the definition of the quasi-
continuity expressions,
Γ2n+1 := D+b
(2n+1)
− −D−b(2n+1)+ , n = 0, 1, 2, · · · (26)
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from Eqs. 16 and 24. The first of the above expressions
vanishes for ζ1 = − i√2λD−Φ, through the equation of mo-
tion. This is exactly the supersymmetric generalization of
the result in [5]. Further, the first of the charge-densities,
Σ(2n+1) :=
1
2
(
b
(2n+1)
+ − b(2n+1)−
)
, n = 0, 1, 2, · · · ,
(27)
leads to the total charge,
Q(1) :=
∫
x,θ
Σ(1)
≡ 1
4
√
2λ
∫
x,θ
V (Φ)
− 1
2
√
2λ
∫
x,θ
D− (ΦD−Φ) , (28)
as D2− = 0. The first term on the LHS is expected to yield
a constant value, as V (Φ, ε) is a infinitesimal deformation
away from the periodic potential V (Φ). The second term
is expected to vanish at the boundary of the superspace, as
Φ is too. This invariably leads us to the conserved charge
of the quasi-integrable model, yielding,
dQ(1)
dt
= 0. (29)
This is not true, in general, for the higher order charges
of the model,
dQ(2n+1)
dt
= P(2n+1) 6= 0, n = 1, 2, 3, (30)
in general. This makes the system quasi-integrable. It
is easy to see that, for ε = 0, X = 0, which leads to
P(2n+1) = 0, n = 1, 2, 3, and the SG model is recovered.
Summary. – It has been shown that quasi-
integrability can be attained in supersymmetric integrable
models also, by taking the super SG model as an ex-
plicit example. It is to be mentioned here that the ex-
act periodicity of the undeformed potential plays a crucial
role in this formalism. Further, the extended structure of
the superspace introduces extended sub-algebras (twisted
loop algebras), forming closed vector spaces. A further
unique aspect, that of non-locality of parameters, is ob-
served. They yield a few conserved charges, as in the case
of quasi-integrable non-supersymmetric models, with the
others remaining non-conserved.
∗ ∗ ∗
The authors are grateful to Professors Luiz. A. Ferreira,
Wojtek J. Zakrzewski and Betti Hartmann for their en-
couragement, various useful discussions and critical read-
ing of the draft.
REFERENCES
[1] Das A., Integrable models, Vol. 30 (World Scientific, Sin-
gapore) 1989, p. 117.
[2] Lax P. D., Commun. Pure Appl. Math., 21 (1968) 467.
[3] Zakharov V. E. and Shabat A. B., Zh. Exp. Teor. Fiz.,
61 (1971) 118.
[4] Ferreira L. A. and Zakrzewski W. J., JHEP, 05 (2011)
130.
[5] Ferreira L. A. , Luchini G. and W. J. Zakrzewski,
Nonlinear and Modern Mathematical Physics, AIP Cof.
Proc., 1562 (2013) 43.
[6] Ferreira L. A. and Zakrzewski W. J., JHEP, 01 (2014)
58.
[7] Ferrara S., Girardello L. and S. Sciuto, Phys. Lett.
B, 76 (1978) 303.
[8] Girardello L. and Sciuto S., Phys. Lett. B, 77 (1978)
267.
[9] D’Auria R., Phys. Lett. B, 91 (1980) 56.
[10] Bernard D. and Leclair A., Phys. Lett. B, 247 (1990)
309.
[11] Saleem U. and Hassan M., Eur. Phys. J. C, 38 (2005)
521.
[12] Siddiq M. and Hassan M., Europhys. Lett., 70 (2005)
149.
[13] Siddiq M., Hassan M. and Saleem U., J. Phys. A:
Math. Gen., 39 (2006) 7313.
[14] Bernard D. and LeClair A., Comm. Math. Phys., 142
(1992) 99.
[15] Ferreira L. A., Luchini G. and Zakrzewski W. J.,
JHEP, 1209 (2012) 103.
[16] Aurichio V. H. and Ferreira L. A., JHEP, 03 (2015)
152.
p-6
